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87
88 Abstract

89  On August 5, 2015, starting at ~11 AM, a dammed drift entry to the Gold King Ming, near Silverton,
90  CO, was breached, releasing a minepool of acidic mine drainage (AMD) estimated to be roughly

91 11.4 million liters. Using sample data, estimated release volume and very conservative assumptions,
92 the dominant solutes in the release waters that migrated to the Animas River were SO4~ (138000

93 kg), Ca (31100 kg), Al (<6550 kg), and Fe (<3530 kg). Acidity load was calculated to be <54000
94 kg CaCOs. The higher loadings for trace elements included Zn (1790 kg) and Cu (730 kg), with

95  other trace elements present at lower loadings Co (14 kg), Pb (12 kg), Cd (7.2 kg) and Ni (6.2 kg).

96  These release waters cascaded downslope to Cement Creek, entraining and suspending large

97  quantities of spoil, soil and sediments. Based on the data available, e.g., apparent increases in Al and

98  Ca, substantial amounts of soluble salt minerals likely were suspended and partially dissolved in the

99  turbulent flow of the waters as they cascaded to Cement Creek or perhaps flooded stream valleys to
100 suspend overbank sediments. Depending on the mineralogy, dissolution of these salts likely would
101 have affected pH as quickly as the salts dissolved.

102 The Cement Creek watershed is mapped as containing roughly 100 mines, with four mines alone
103 reported to have been discharging 2300 to 3000 liters/minute (L/m) of untreated AMD.

104 Consequently, Cement Creek is severely degraded, having low pHs and high metals content. Given
105 the low pHs typical of Cement Creck, few chemical changes likely occurred in the release waters
106  during the short residence time in Cement Creek, mainly ranging from 2 to 17 hrs.

107  Both upstream and downstream of Cement Creek, the Animas River is buffered at moderately

108 alkaline pHs by bedrock including carbonate and chiorite minerals. When the acidic release waters
109  flowed from Cement Creek into the Animas, starting at ~1 PM: i) pH in the mixing waters increased
110 quickly, dramatically accelerating the rate of Fe oxidation; 11) major AMD solutes, including Fe, Al,
111 and Mn, quickly precipitated as incipient oxide-minerals, perhaps including transitory mineral

112 phases; 111) freshly precipitated and/or suspended soluble salt mineral phases, that had been near

113 equilibrium with solutes, would have dissolved, and reprecipitated as oxides in the case of Al and Fe;
114 and iv) trace metals would have sorbed and/or entered solid solution with the Al and Fe oxides.

115 Based on hydrograph data in Cement Creek near the confluence with the Animas, effectively all of
116  the release waters flowed into the Animas over a 17.25 hour period. For flow rates and alkalinities
117 likely present in the Animas at the time of the release, the calculated acidity load could have been
118 neutralized by roughly two days of Animas flow at most, and probably less. Calculations for calcite
119 saturation suggest that the release acidity was effectively neutralized by about ~150 km downstream
120 from Gold King Mine in the Animas River.

121 Neutralization of the Gold King acidity generated colloidal solids as reaction products including

122 amorphous and short-range-ordered Fe(OH)s, AI(OH); and Mn oxyhydroxides, resulting in yellow
123 coloration in the Animas River. These colloids scavenged the dissolved trace metals in the release
124 waters. Data for lower Animas River show that dissolved metal concentrations were low, pg/L

125  levels and less. Calculations of sorption equilibration of these trace metals, including Zn, Cu and Pb,
126 on Fe(OH); surfaces yield modeled concentrations that are consistent with observation, supporting
127 that partitioning to the freshly precipitated colloids was a dominant mechanism that decreased

128 dissolved concentrations of these trace elements in the lower Animas River.

129 When investigating AMD and mine outflows, geochemical assessments can be more specific if pH is
130 measured at the time of sample collection, dissolved Fe**, Fe**, A", Mn*" and SO4~ are measured,

Appendix C Review Draft September 29, 2016 Page C-5

ED_004888_00035756-00005



131
132
133

134
135

136
137
138
139
140
141
142
143
144
145

146
147
148
149
150
151

152
153
154
155
156
157
158
159

160
161
162
163
164
165
166
167
168

169
170
171
172

173

Gold King Mine Release Transport and Fate Study September 2016

and acidity is determined by titration. Selective extraction of sediments, perhaps including oxalate
and/or dithionite extractions, might aid interpretation of solids formed by reactions of AMD in the
environment.

Background

The setting: Gold King Mine is located north of Silverton Colorado (Figure 1), in the southern
reaches of the Colorado Mineral Belt. The oldest rock in the region includes late Precambrian
(>540M vyears) sedimentary, metamorphic and igneous rocks (Luedke and Burbank 1999). During a
series of regional volcanic eruptions that took place during the late Paleogene (28-23M years),
magma intruded into a northeasterly striking shear zone, altering preexisting rock, leaving rich
metalliferous sulfide ores and associated hydrothermal enrichments (Luedke and Burbank 1999).
The ores are mainly vein-type deposits but extensive volumes of rock are pyritized around the vein
zones. In present day, mineralized relict calderas remain, including the Silverton caldera (Figure 2),
just north and west of the town of Silverton, and in which Gold King Mine is situated (Yager and
Bove 2002).

These sulfide deposits largely were composed of iron (e.g., pyrite), copper (chalcopyrite), lead, zinc,
mercury and arsenic (Luedke and Burbank 1999). Notably, gold and silver also were present at
anomalous concentrations. With these and other elements present at economic scales the region has
been subject to extensive mining for more than a century and today the region is riddled with
abandoned mines. These abandoned mines have been generating acid and metals for a century, and
regional streams have been extensively contaminated.

The Gold King Mine is situated adjacent to Cement Creek (Figure 1). Cement Creek flows into the
Upper Animas River roughly 14 km downstream of Gold King Mine (Figure 1). In turn, the Animas
River flows into the San Juan River 192 km downstream of Gold King Mine. The chemistry of
Cement Creek is severely impacted with low pHs and high metals from several decades of
uncontrolled mining discharges and naturally acidic waters (Schemel and Cox 2005). Today, the
Cement Creek watershed is mapped as containing roughly 100 independent mines (US-Mining
2016), and considerably greater than 100 when all mine openings and prospects are mapped (Church
etal. 2007).

Untl EPA started treating flow from the Gold King Mine after the August 2015 incident, four mines
alone (Gold King, Sunnyside with its American Tunnel, Red & Bonita, and Mogul; Figure 3) had
been reported as releasing 600 to 800 gallons per minute (2300-3000 L/min.) of untreated acidic
mine drainage (AMD) into Cement Creck (Olivarius-Mcallister 2013). Much of the recent discharge
from these four mines is thought to result from installation of bulkheads in the American Tunnel in
1996 and 1997 which blocked free flow from Sunnyside Mine, raising regional ground water to
discharge at other locations by the early 2000s (Gobla and Gemperline 2015). The spatial
relationship and potential hydraulic connection of Gold King Mine with the American Tunnel is
depicted in Figure 4.

In stark contrast to Cement Creek, the Animas River is buffered by calcarcous rock and maintains
moderately alkaline pHs over the reach between Cement Creek and the San Juan River. These
moderately alkaline, well-buffered pHs help to suppress dissolved-metal concentrations in the
Animas and its waters discharging into the San Juan (Schemel and Cox 2005).
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174 Concerns with mine releases: Mine releases and abandoned mine outflows present two general
175  areas of concern: 1) acidity and acid generation; and i1) mobilization of trace and toxic metals.

176 Acid Generation.: Mining voids act as drains for overlying and adjacent land, dropping the

177  groundwater table. When the water table drops, sulfide-rich overburden and mining wastes that
178  previously had been submerged in groundwater containing ~10 ppm O, or less, are exposed to air
179 containing up to 21% (208,000 ppm) O,. These sulfide-mineral ores are highly reduced (electron
180  rich) and, when exposed to oxygen, the minerals oxidize (yield electrons) and dissolve according to
181  the following reactions, using pyrite (FeS,) as an example (Rose and Cravotta 1998):

182
183 FeS,(s) + 3.50, + H,0 - Fe?* + 2505 + 2H* (1)
184

185  Fe?* + 0.250,+ H* —» Fe3t + 0.5H,0 (2)
186

187  FeS,(s) + 14Fe3* + 8H,0 — 15Fe** + 2507 + 16H* (3)

188

189  Reactions 1 and 3 of these oxidation and dissolution reactions generate acidity, i.e., H". When the
190  dissolved metallic products of Reactions 1 through 3 are exposed to oxidizing and moderate-pH
191 conditions, either through time or via migration of the metal-bearing waters, the major metals

192 precipitate as authigenic (formed in place) amorphous solids and mineral phases.

193 When mine discharges occur in low flows, or by diffuse groundwater discharge, often the dominant
194 part of these authigenic solids are stable crystalline oxide minerals (e.g., hematite and goethite for
195  iron minerals), minerals that occur abundantly in pristine soils and sediments as well as areas

196  affected by acidic mine drainage (AMD). In contrast, when large volumes of AMD are introduced
197  suddenly into the environment as with a release, the relatively slow crystallization processes that are
198  required to form stable crystalline minerals do not have time to take place and incipient amorphous
199  to short-range-ordered crystalline phases are the dominant minerals to form (Figure 5). Over days to
200  years, depending on chemical conditions, these incipient solids recrystallize to stable mineral phases
201 (Figure 5). The stoichiometry for these intermediate amorphous and mineral phases can be given as:

202
203 Fe3* + 3H,0 » Fe(OH)3(s) + 3H™ 4)
204
205  Mn*t + 2H,0 » MnO,(s) + 4H™ (5)
206
207 APt + 3H,0 — Al(OH);(s) + 3H™ (6)
208

Appendix C Review Draft September 29, 2016 Page C-7

ED_004888_00035756-00007



209
210
211

212
213
214
215
216
217
218
219
220
221

222
223
224
225
226
227
228
229
230
231

232
233
234

235

236

237

238
239
240
241
242
243
244
245

246
247
248
249

250
251

Gold King Mine Release Transport and Fate Study September 2016

The incipient solids formed in Reactions 4-6 are prominent after large releases of AMD, being
visible as yellow (and perhaps red, white or black) staining in rivers of moderate pHs. The stains
arising from large AMD releases commonly are called “yellowboy”.

Each of these precipitation reactions, Reactions 4-6, generate additional acid, augmenting acidity
generated by oxidation, Reactions 1 and 3. All these acid-generating reactions can take place after
migrating in water over considerable distances from the source, so that pH actually can decrease as
the waters flow away from a mine source. Iron and manganese are multivalent, and these metals
often are present in their reduced, more soluble divalent state. Numerous minerals can form from
higher-valence oxidized iron and manganese species, which can cause precipitation of these metals
to proceed dominantly after these cations are oxidized. Manganese oxidation, in particular, can
proceed slowly, even more so than iron (Skousen et al. 1998). Also, the mineralogy of the
manganese oxide minerals varies as a sensitive function of numerous variables, so the stoichiometry
of the acid production for manganese precipitation can be variable.

Importantly, Reactions 4-6 commonly occur during periods of low mine discharge as well as after
releases. However, when mine flow is slow and/or diffuse, the rate at which these incipient phases
are generated is counterbalanced by recrystallization to form more stable minerals which tend to
become entrained in, and/or adhered to, streambed sediments. As a result, under low-flow
conditions, these intermediate phases often can be observed only over limited areas. During periods
of slow AMD releases, the prominent “yellowboy” commonly is not visible over long reaches of
streams; nevertheless, the stable secondary mineral products of AMD oxidation and neutralization
are ubiquitously distributed over long reaches of streams downgradient of long-term mine releases.
These stable solids commonly are visible in streambeds and soils as red to yellowish brown (Fe),
white (Al) and black (Mn) stains.

As a consequence of all the above, the acidity of AMD often is composed dominantly of the free
acidity of H', as well as Fe, Al and Mn, and AMD acidity is estimated reasonably well by the
equation (Rose and Cravotta 1998):

3+ 2+ 1 -
Acidity = 50{3[Fe |+2[Fe®*] | 3{al®*] + 2[Mn?* N 10(3_pH)} @

55.85 26.98 54.94

where acidity has units of mg CaCOs/L, the metals are mg/L. and pH is in standard units. If pH
exceeds the first hydrolysis constant for Fe*", pH~2.2, Equation 7 requires modification for
hydrolysis. In addition to this calculated value, acidity also can be measured by a titration after
addition of H,O» to oxidize Fe and Mn; this procedure is described in EPA Method 305.1.
Calculated and measured acidities commonly agree reasonably well but can be discrepant if other
metals are present at levels sufficient to add acidity upon precipitation. In order to assess the impact
and fate of AMD in the environment with quantitative resolution, it is necessary to calculate or
measure the value of acidity.

Trace-metal mobilization: AMD usually is elevated in numerous metals, often including some
combination of Zn, Cd, Cu, Pb, As, Hg, Ni, Co, Mo, W, As, Se, Ag and Au among others. When
these metals are present at elevated concentrations in, or adjacent to, mineralized zones, they can be
mobilized as acid conditions are generated by sulfide dissolution and/or oxide-mineral precipitation.

As AMD waters are neutralized in the environment, the mobility of most of these trace metals
decreases dramatically. Under moderate-pH, oxidizing conditions, the dissolved concentrations of
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252 these metals tend to be limited by specific and electrostatic sorption to authigenic Fe, Al and Mn
253  oxide minerals, both the incipient and stable mineral phases (Rose 1979). Secondary sinks under
254 these conditions include electrostatic sorption to aluminosilicate clays and chelation with natural
255  organic matter.

256

257  Summary of sampling and analyses used in this report

258  The Gold King Mine release occurred on August 5, 2015, flowing from the mine breach into nearby
259  Cement Creek. Interpretations in this report regarding the impact and fate of this release are based
260  on samples collected by the EPA and other government entities, and include: 1) roughly 500 water-
261  sampling events, ranging from the mine to 550 km downstream, well into the San Juan River, and
262 from the time of the release until 28 days after the release; i1) water samples were analyzed for up to
263 60 dissolved and total chemical properties; 1i1) roughly 320 sediment samples, ranging from the 12.5
264  to 640 km downstream, well into the San Juan River, and from the time of the release until more than
265 27 days after the release; and 1v) sediment samples were extracted by EPA Method 3050B, a hot

266  concentrated-acid extraction that dissolves most metals in the primary and authigenic mineral phases.

267

268  Characterization of the release volume and chemistry

269  The timing and volume of the mine release have been estimated by staff at USEPA/Athens, GA

270  using data from a stream gage on Cement Creek, roughly 12.5 km downstream of the mine and

271 designated herein as location “CC48” (Figure 6). Based on interpretation of these data, excess water
272 from the mine release flowed past CC48 from roughly 12:45 PM until 6:00 AM, a period of 17.25
273 hours. Based on the data from CC48, the volume of the release was 11,420,000 liters.

274 Our best estimates of the composition of the mine release centrally are from three sampling events
275  (with some additional data from later samples): 1) water samples collected from the mine opening
276  (designated as location CC06) on August 15, ten days after the release; 1) water samples collected
277  from where Gold King discharge flows from a tributary into Cement Creek (GKM13), 0.9 km from
278  the mine opening, ten days after the release on August 15; and ii1) water samples collected from the
279 “14™ Street Bridge” (designated CC 14" St Bridge), ~13 km down Cement Creek from Gold King
280  Mine, on August 5 at 4 PM (roughly three hours after maximum flow at sample point CC48 one
281  kilometer upstream from the 14™ Street Bridge; Figure 6). Both total and dissolved analytes are
282  reported for these samples (Table 1). Total analytes include the dissolved portion plus suspended
283 material, the large majority of which is stable natural mineral grains that are denser than water and
284 can be expected to settle out of the water column as flow velocity decreases. Dissolved analytes are
285  the more mobile fraction and, therefore, the fate of the dissolved fraction generally is of greater
286  concern. The fate of dissolved constituents can be interpreted with standard geochemical

287  approaches. This geochemical report focuses on the dissolved chemical data and generally will not
288  address the suspended fraction except as it relates to the dissolved fraction through precipitation,
289  sorption or dissolution reactions.

290  The completeness and internal consistence of these samples, both within and between samples, can
291  be assessed with cation-anion charge balances (Figure 7). Trace species having multiple oxidation
292 states represented in Figure 7 were assigned a valence, and charge for oxyanions, based on

293 professional judgement because equilibrium cannot be assumed for polyvalent trace elements. The
294 charge balances for CC06 and GKM13 are 0.986 and 1.043, respectively, indicating good internal
295 consistence between cations and anions, and suggesting that 1) all major cations and anions are

296  represented in these analyses and 11) judged trace speciation was qualitatively reasonable.
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297  For the purposes of estimating the composition of the August 5 release, also noteworthy on Figure 7
298  is that the August 5 sample drawn from the release waters mixed with Cement Creek (CC 14% St
299 Bridge), has a higher total concentration of cations than do the August 15, post-release waters

300  collected near the mine, i.e., CC06 and GKM13. The most prominent differences of CC 14™ St

301  Bridge from the other two samples is that Ca and Al are more concentrated and Fe is less

302  concentrated (Figure 7). These observations suggest that 1) the original release waters differed from
303 water flowing from Gold King on August 15, and/or 11) that release waters entrained solutes as the
304  waters flowed from the mine and down Cement Creek toward the Animas River. Later in this report,
305  Iargue that most of the remediation of the release waters occurred in the Animas River. Within this
306  context, the “release source” is best thought of as what flowed from Cement Creek into the Animas
307  River. As such, the CC 14™ St sample offers unique insight to the quality of the actual release

308  waters. Unfortunately, this sample also was diluted substantially by Cement Creek (Figure 6). Mike
309  Cyterski and Kate Sullivan, EPA/Athens, estimated the undiluted quality of the release waters from
310 this sample using:

311

312 Qe = Qrcy + Qcce ()
313

314 where Q is flow rate (L/min), ¢ is concentration (mg/L), subscript t stands for total (i.c., the

315 composite value of the August 5 sample), subscript r stands for release water (i.e., the value

316  ultimately desired), and subscript ¢ stands for creek (i.e., the value estimated for the Creek in the
317  absence of the mine-water release). Background flow was estimated from USGS gage readings
318  recording before the release waters arrived at the gage and background solute concentrations were
319  estimated from samples collected in Cement Creck days after the release waters had left Cement
320 Creek.

321  Having solved for the estimated concentrations of the release waters using Equation 8 (solving for
322 ¢, in the interest of generating a conservative estimate of the source, the highest reported value of 1)
323 the estimate of ¢, using CC14th St data and Equation 8, 11) CCO06 data and ii1) GKM13 data. Looking
324 at quality of mining-degraded watersheds, Nordstrom (Nordstrom 2011) noted that initial flushes of
325  water leaving watersheds after precipitation events were highly enriched in mining-related solutes.
326  Considering this effect, and in the interest of generating a conservative estimate of the source term,
327  the concentrations were doubled for the first 30 minutes of the release event, to arrive at very

328  conservative upper-limit estimates of the release. These conservative estimates of the source term
329 for the waters released from Cement Creek to the Animas River on August 5, 2015 are summarized
330  inTable 2.

331  The CC 14" St Bridge sample did not include a measured pH. In the interest of remaining

332 conservative, I assume the pH of CC 14® was the same as that measured in Gold King Mine sample
333  CC06, pH=2.9 (Table 1). The CC 14" sample also did not report a value for SO~ Referring to
334 Figure 7, the anions in samples CC06 and GKM 13 are comprised almost entirely of SO4~. Based on
335  this observation, I estimated SO4~ for CC14™ and for the release waters by charge balance with the
336  cations (Table 2). Then I used Equation 7 to estimate acidity of these source waters (Table 2).

337  These estimates of the release-water composition as it entered Animas River (Table 2) are very
338  conservative and likely to overestimate actual composition. Because of dilution, and neutralization
339 by salts and other minerals, pH likely was higher than the assumed 2.9, and the solubility of

340  numerous minerals is highly sensitive to pH in this range. Even in the unlikely case that pH in the
341  Creck was 2.9, assuming a water temperature of 8 °C in Cement Creek, calculations performed in
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342 Geochemist’s Workbench (Bethke 1998) indicate the Peak Concentration estimated in Table 2 is

343 supersaturated with gypsum (CaSO42H,0) as well as other minerals. Calculation of this

344 supersaturated condition supports the notion that these estimates of release water composition (Table
345 2) are, indeed, conservative and likely to overstate the concentrations of at least some solutes.

346  The fate of iron in surficial settings depends on its valence state which was not determined in these
347  samples. In “The Setting” section of this manuscript, it was argued that much of the discharge

348  waters arose from deep pools of regionally interconnected mines that had been sealed from the

349  atmosphere by bulkheads. This sealed state and the large scales of the mine pools, suggests that O,
350  was in short supply. In addition, reaction of Fe** with pyrite (Reaction 3) proceeds strongly to the
351  right, yielding Fe?" and SO4~, with an equilibrium constant of log K~99 (Bethke 1998). And

352  numerous kinetic studies have shown that, at acidic pHs, oxidation of pyrite by Fe*" (Reaction 3)
353  proceeds much more quickly than it does with O; (Reaction 1) (Rose and Cravotta 1998). Based on
354  expected paucity of O; in the mine waters and propensity for pyrite oxidation to proceed

355  exhaustively and quickly by Fe?', the oxidation state of Fe in the source waters at Gold King Mine
356  likely was dominantly ferrous, Fe?".

357  The abiotic oxidation of Fe*" under oxidizing, acidic conditions is quite slow (Washington et al.
358  2004), with a half-life of roughly 7 years at pH 4 and roughly 60 years at pH 3 and less (Table 3;
359  Appendix 1) (Singer and Stumm 1970). Microbes can accelerate Fe** oxidation rate (Rose and
360  Cravotta 1998), and probably Fe-oxidizing bacteria were entrained in the disaggregated spoil at the
361  Gold King mine opening that was eroded during the breach event (Youtube 2015) and carried as
362  suspended load down Cement Creek. Nevertheless, it seems likely that most of the dissolved Fe in
363  the release waters remained reduced during the hours-long transit down Cement Creek.

364  Consequently, the chemical composition of the release waters likely changed little during the short
365  time it took to flow down Cement Creek, other than perhaps alternately dissolving and precipitating
366  Ca*, and perhaps other, SO, salts as the release waters flowed over normally dry lands above the
367  Creck banks.

368

369 Assessment of the fate of solutes in the release waters as they enter the Animas
370  River

371 In contrast to Cement Creek, the Animas River is buffered by calcareous bedrock above the
372 confluence with Cement Creek (Desborough and Yager 2000, Schemel and Cox 2005). Immediately
373 upstream of Cement Creek, the Animas drains the Silverton Volcanics that are chiefly composed of
374 volcaniclastic sediments, including calcite which often is “pervasive and disseminated throughout
375  the groundmass and within microveinlets,” and, “where not intensely altered,” “has the ability to

376  buffer acidic waters” (Yager and Bove 2002). The Silverton Volcanics also include chlorite (Yager
377  and Bove 2002), which can enhance alkalinity as well (Desborough and Yager 2000). Buffering

378  capacity likely is enhanced still more about one kilometer downstream of Silverton where the

379  Animas transects numerous pre-Tertiary sedimentary beds including numerous lithologic units of
380  limestone and calcareous shale (Yager and Bove 2002). The alkalinity of these waters is important
381  forits potential to neutralize the acidity of the Gold King release. For example, for acidity generated
382  from APP* (Reaction 6):

383
384 CaCOx + AP + 3H,0 — 3Ca®" + 3HCOs + Al(OH)sgs 9)
385
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386 Given this geologic setting, and using the data collected for this study, saturation indices
387  (Sls) were calculated, using thermodynamic data reported in Parizek et al. (Parizek et al. 1971), for
388  calcite (CaCOs) and dolomite (CaMg(COs),) downstream of the Gold King Mine including Cement
380  Creek, the Animas River and into the San Juan River (Figure 8A & 8B; Appendix 2). Negative S1
390  wvalues indicate that water is undersaturated with a mineral phase, values of near zero indicate the
391 water roughly is in equilibrinm with mineral, and positive SI values suggest the mineral should

392 precipitate from solution. Sls are generated from thermodynamic data and need to account for the
393 deviation of the real aqueous solution from an ideal thermodynamic condition using activity

394 coefficients (Y). Activity coefficients require knowledge of the ionic strength (1) of the solution.

395  The value of I, is calculated using the concentrations of all major solutes. So calculation of mineral
396  Sls requires a complete suite of major-chemical analytes; however, many of the samples in this study
397  include data only for selected species, major and toxic metals for example. Consequently, to

398  accommodate this dataset, I was calculated for those samples that were subjected to analysis for all
399  major analytes. Speciation of these analytes (e.g., A vs AI(OH).") was estimated based on

400  judgement of conditions including reported pH, inferred [O:] and similar geochemical parameters.
401  Then for these samples, Y was calculated using the Extended Debye-Huckel Equation (Stumm and
402  Morgan 1981). Samples having an incomplete suite of analytes were assigned values of Y from

403  geographically nearby samples having similar geochemical characteristics. With all

404  samples/analytes having calculated or estimated values for Y, S1 values were calculated. Consistent
405  with calculation of I, calculation of Y included correction for impact of pH on speciation and

406  assessment for complexation by major solutes (e.g., SO47). For these calculations, it was assumed
407  that the river waters equilibrated with atmospheric CO», log Pooz = -3.40 (atmospheres units). For
408  samples not having reported values of pH, pH was assigned values of nearby samples having similar
409  reported geochemical analytical profiles. Figures 8A and 8B indicate that the Animas was variably
410  undersaturated with respect to calcite and dolomite immediately downstream of Cement Creek at the
411 time the samples were collected for about 100 km (suggesting the presence of acidity), but that

412 Animas remained roughly saturated with these alkaline minerals for most samples >150 km

413 (suggesting neutralization of acidity in these locations). Additional data for the Animas upstream of
414 its confluence with Cement Creek indicate moderately alkaling conditions as well (data not shown),
415 so the only Animas data indicating pronounced undersaturation with calcite is for samples collected
416  at the confluence with Cement Creek and downstream of this location as far as ~150 km from Gold
417  King mine, collected during the time of the release. Taken altogether, these observations suggest
418  that the acidity of the release water was effectively neutralized at roughly 150 km downstream from
419  the Gold King Mine.

420

421  Acidity-Alkalinity Balance of the release waters at the Cement-Animas confluence: Table 2
422 reports a maximum estimated load of acidity in the mine release as ~54000 kg as CaCOs. Based on
423 interpretation of data from the gage in Cement Creek near the confluence with the Animas, the

424  acidity load flowed into the Animas over a period of roughly 17.25 hours on August 5.

425 According to data from a gage in the Animas River upstream of Cement Creek, on August 5,
426  flow in the Animas at the confluence with Cement Creek was about 115 ft*/sec (11.7M liters/hr).

427  Alkalinity has been measured in water samples collected by the EPA from the Animas River

428  upstream of Cement Creek, falling in the range of 30 mg CaCOs/l. As the Animas flows

429  downstream, alkalinity ascends to about 90 mg CaCO3/1, consistent with expectations for waters

430  draining carbonate bedrock. For these values of flow and alkalinity in the Animas, the 54000 kg

431  load of acidity in the release could be neutralized with about 50 to 150 hours of Animas flow without
432 any additional dissolution of carbonate bedrock, roughly three to nine times the time increment of
433 the release from Cement Creek to the Animas. The actual time to neutralize the release waters in the
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434  Animas likely was substantially shorter because, 1) the acidity load of the release could well have
435  been much less than the estimates in Table 2 in that these estimates were arrived at with very

436  conservative assumptions, ii) carbonaceous bed sediments or bedrock likely added alkalinity in the
437  acidic release waters as they migrated down the Animas, and 1i1) downstream tributary inflow might
438  have augmented alkalinity as well.

439  Accelerated oxidation of Fe in the Animas River: Whereas abiotic oxidation Fe?* half-life is on
440  the order of years to decades at pH<4, at the moderately alkaline pH values observed in the Animas
441  the oxidation half-life falls to seconds to hours. Using the kinetic data supplied by Singer and

442  Stumm (Singer and Stumm 1970), the ferrous oxidation half-life falls to 7 hrat pH 6, 4 min at pH 7
443 and 3 sec at pH 8 (Table 3). This generation of Fe** through oxidation of Fe?* will foster

444 precipitation of amorphous ferric-oxide mineral phases (Reaction 4).

445 Taken altogether, the combined factors of (1) the saturation indices for calcite suggesting near-

446  saturation for all distances downstream of 150 km (Figure 8), (ii) the capacity of the Animas to

447  neutralize the release load of acidity with <150 hours of flow, and (iii) the accelerated rate of Fe®*
448  oxidation at moderately alkaline pHs (Table 3), constitute compelling evidence that essentially all of
449 the release acidity was neutralized in the Animas River within about 100-150 km of stream distance
450  from Gold King Mine

451  Precipitation of incipient oxyhydroxide colloidal minerals which dyed the Animas River

452  yellow: The neutralization of mine release waters that took place in the Animas entailed

453 precipitation of Fe**, AI*" and Mn*" incipient oxide phases of the type shown in Reactions 4-6. The
454  progress of these precipitation reactions has been modeled thermodynamically (Table 4) using

455  Geochemist’s Workbench® (Bethke 1998) and the results are depicted in Figures 9-12.

456  Geochemist’s Workbench® is well-known commercial software that enables the qualified user to
457  model thermodynamic equilibrium of water, having user-specified properties, with mineral phases,
458  also specified by the user. This modeling can be done toward different objectives, e.g., calculation
459  of equilibrium constants, modeling of reaction progress, and generation of a variety of equilibrium
460  diagrams. In Figures 9-12, Cement Creek waters were reacted with sufficient calcite masses to just
461  saturate the system, mimicking the alkaline state of the Animas as reflected in Figure 8. The

462 reactions were modeled at 11 °C, in equilibrium with 0.208 atmospheres of O and 10~ atmospheres
463  of CO,. Silica was modeled as being in approximate equilibrivm with quartz. Minerals that were
464 excluded from precipitating in this modeling included: 1) primary minerals that typically do not form
465  authigenically in sediments and soils, i1) secondary minerals that commonly form by recrystallization
466  from incipient mineral phases, and iii) crystalline minerals composed of low-level trace elements that
467  more likely were entrained as impurities in dominant mineral phases.

468  Figure 9 depicts “Peak Flow” (Table 2) concentrations entering the Animas. This figure should

469  include the most complex suite of minerals that might have precipitated during the event. Figure 10
470  depicts the “Plume + Background Mean” (Table 2) concentrations entering the Animas; these values
471  are the mean estimated concentrations of solutes emitted from Cement Creek during the plume,

472  representing complete mixing of the entire volume of plume and creek waters during the release

473  period. Comparison of Figures 9 and 10 suggests that no unique minerals precipitated solely during
474  release of the most concentrated water. Using the mineral masses depicted in Figure 10, Figure 11
475  provides estimates of minerals modeled as precipitating from the plume waters in the Animas River.
476  Figure 12 depicts “Creek Background” (Table 2) water reacting with Animas alkalinity. Comparison
477  of Figures 10 and 12 suggests that most mineral species that potentially precipitated during the

478  plume also potentially precipitate from Cement Creck waters as they enter the Animas under normal-
479  flow conditions at other times as well. The only minerals that modeling suggests might have

480  precipitated during plume release but not during the depicted “background” flow (Figure 12) include
481  gypsum (CaS042H,0), alunite (KA15(S04).{ OH)s), smithsonite (ZnCOs), and tenorite (CuO).
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Alunite is an endmember mineral in the isostructural alunite-jarosite (KFe3(S04),(0OH)s) family,
having a complex set of solid solutions in the cation sites (K', Na’, H:O") (Brophy and Sheridan
1965), and (APP", Fe*', Cu*', and Zn”") (Scott 1987), so any alunite-jarosite minerals associated with
the plume waters, probably were solid solutions, albeit near end-member. And the isostructural
jarosite potentially can precipitate during background-type flows (Figure 12). Whether alunite-
jarosite minerals, or other Al and Fe*" hydroxysulfate minerals, actually precipitated in the Animas
during this event is uncertain and dealt with in more detail in the next section. Whether smithsonite
and tenorite actually precipitated is uncertain as well; considering the trace-level concentrations of
Zn*" and Cu”" in the presence of more dominant precipitating mineral phases, most of these metals
could have been entrained as impurities in other minerals.

A number of minerals depicted in Figures 9-12 likely are transitory and unstable in the Animas
River. This is evident for the alunite-jarosite group in that the masses of these minerals dissolve at
60% to 90% of reaction completion. This is because, as acidity is neutralized by limestone
alkalinity, AI*" and Fe¥* activity are regulated to progressively lower levels by precipitation of
amorphous AI(OH); and Fe(OH)s; as AI*" and Fe*" activity drops the ion-activity products (IAPs) for
the alunite-jarosite minerals fall below saturation. Effectively, alunite and jarosite (or any
hydroxysulfate salts) are replaced by the relatively more stable AI(OH); and Fe(OH);. Figures 9 and
10 depict gypsum (CaSO.42H,0), dolomite (CaMg(CQOs),), barite, smithsonite and tenorite as being
stable (because they remain at reactions’ completion). However, as the plume migrated down the
Animas, SO,~ activity likely dissipated with a resulting dissolution of gypsum, leaving Ca?" activity
to be controlled by its normal constraint in the lower Animas, calcite (Figure 8). Likewise, dolomite
might well have dissolved if it became undersaturated in the lower Animas (Figure 8). If smithsonite
and/or tenorite precipitated, these minerals might well have redissolved as well because Zn and Cu
likely are controlled to relatively lower activities by sorption on ferric and aluminum hydroxides as
described two sections below.

It is noteworthy, that the Gold King discharge event is not unique in acting as a potential source of
Al and Fe*" hydroxysulfate minerals to the Animas River from Cement Creek. In fact, modeling of
reaction progress for Cement Creek background waters with Animas alkalinity suggests precipitation
of transitory jarosite phases (Figure 12).

Based on the “Plume + Background” data (Figure 10), gypsum comprised the largest load among the
unstable minerals in the plume. For the calculated discharge from Cement Creek during plume
release of 11.42 ML, roughly 9300 kg of gypsum was carried by, or precipitated from, the plume
waters as they mixed with the Animas (Figure 11). Lesser amounts of other unstable minerals (e.g.,
Al and Fe’" hydroxysulfates) might have precipitated as well. These minerals would have entrained
trace metals as impurities in addition to the major solutes, Zn and Cu described above. When these
minerals redissolved, the impurities would have entered solution too. The concentrations of these
trace impurities then would be subject to the same long-term fate as Zn and Cu, scavenging by stable
hydroxide minerals as described two sections below.

Of the remaining minerals depicted in Figures 9-12, gibbsite (Al(OH)3), ferrihydrite (Fe(OH)s) and
birnessite (MnQ:) should remain as solids in the Animas, their stability supported by the alkaline
pHs of the carbonate-buffered waters. Over time, these solids likely will recrystallize to still-more
stable forms such as long-range ordered gibbsite, goethite (FeOOH) and/or hematite (Fe;0s). Using
the modeling depicted in Figure 10, and the calculated 11.42 ML discharge volume, roughly 3700 kg
of gibbsite and 1300 kg of ferrihydrite precipitated in the Animas during the Gold King discharge
event (Figure 11). Based on thermodynamic principles, and not kinetic, Figures 9-12 depict
birnessite as precipitating before ferrihydrite. Manganese oxidation/precipitation kinetics are slow,
however, and Mn likely precipitated only well after ferrihydrite precipitation had initiated (Skousen
et al. 1998). Also, Mn mineralogy is complex, the actual precipitating mineral species being
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530  sensitive to a number of variables. Birnessite is common among these mineral species and a suitable
531  representative of Mn chemistry, but the actual mineralogy might differ. Using birnessite as a proxy
532 for authigenic Mn minerals, roughly 800 kg of Mn minerals precipitated in the Animas during the
533 discharge event.

534  Downstream chemistry data can be used to evaluate the modeling predictions for the stable minerals
535  described above and in Figures 9-12. Using thermodynamic data reported in Geochemist’s

536  Workbench (Bethke 1998), for samples having detectable A" the Sls for gibbsite (AI{OH)s;) are

537  plotted as a function of distance from Gold King Mine in Figure 13. The small positive SI values
538  shown for gibbsite in Figure 13 indicate the waters are saturated with respect to gibbsite and strongly
539 support that gibbsite colloids were suspended in these water samples, just as predicted by the

540  modeling shown in Figures 9-12. This equilibrium of Al with AI(OH); in circumneutral waters also
541  has been reported for mine waters by Nordstrom (Nordstrom 2011) and many others.

542 Using thermodynamic data from Geochemist’s Workbench (Bethke 1998) and assuming the

543  oxidation state of dissolved Fe to be ferric as justified by kinetic principles (Table 3), the Sis for
544  ferrihydrite are plotted in Figure 14 for those Animas samples having detectable levels of dissolved
545  Fe. Figure 14 indicates saturation with respect to ferrihydrite, also consistent with the modeling
546  depicted in Figures 9-12.

547  Itis noteworthy that the near-equilibrium calculated for AI{OH)s and Fe(OH)s in the lower Animas
548  (Figures 13 and 14) strongly suggests that, even if Al and/or Fe** transitory hydroxysulfate minerals
549  were transported to, or formed in, the Cement-Animas confluence, either: 1) these hydroxysulfate
550  minerals dissolved and were fully replaced by the more stable hydroxides; of i1) dissolution of these
551  hydroxysulfate phases is slow relative to the precipitation of the relatively stable hydroxide phases.
552 Ineither case, these hydroxide minerals evidently were effective constraints on solution chemistry in
553 the post-event water samples drawn from the lower Animas.

554

555  Mineralogy of Al and Fe** hydroxysulfates as related to plume discharge into the Animas: As
556  noted above, modelling based solely on thermodynamics suggests that alunite-jarosite type minerals
557  might have precipitated during plume release (Figures 9 & 10), and even during normal

558  “background” discharge of Cement Creek (Figure 12). In fact, it scems doubtful that alunite or

559  jarosite precipitated in the Animas at the confluence with Cement Creek, either during plume

560  discharge or at other times.

561 Addressing alunite and Al hydroxysulfate minerals, according to Bigham and Nordstrom,
562 “for pH values much less than 5.0, dissolved Al behaves as a conservative constituent” (Bigham and
563  Nordstrom 2000). Measurements of pH taken in Cement Creek at Silverton on August 12 and 14,
564 2015, seven and nine days after the release, were pH = 3.63 and 3.60, so Al hydroxysulfate

565  precipitation was unlikely in Cement Creek. When pH is increased to >5.0, precipitation kinetics
566  seem to favor formation of hydrobasaluminite (Ali(SO4)(OH)1o-10H20) and basaluminite

567  (Al(SO4)(OH)i1o-4H:0) because these minerals are found more commonly in low temperature

568  mixing zones while alunite is dominantly observed in acidic hypersaline lakes and zones of

569  hydrothermal alteration (Bigham and Nordstrom 2000). The aluminite minerals are metastable with
570 respect to alunite and gibbsite (Bigham and Nordstrom 2000). Based on the presence of gibbsite and
571  absence of alunite at reactions” completion in Figures 9-12, any aluminite minerals that might have
572 precipitated during admixing of plume and Animas waters would be expected to recrystallize to

573 gibbsite. Bolstering this inference, Figures 9-12 depict modeling of closed geochemical systems,
574  wherein SO4™ is not lost to surroundings; considering that SO4~ was diluted in the open system of the
575  Animas River, gibbsite would be expected to be even more stable relative to alunite than depicted in
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576  these figures. All of this reasoning is strongly supported by the observation that the lower Animas
577  was near equilibrium with gibbsite during the few sampling events when Al was at detectable levels
578  (Figure 13).

579  Addressing jarosite and Fe’" hydroxysulfate minerals, remembering the arguments presented earlier,
580  that Fe dominantly was in reduced form in Gold King mine water, and Fe oxidation in Cement Creek
581  probably was slow relative to its residence time in Cement Creek, it is unlikely that ferric

582 hydroxysulfate minerals would have formed to any considerable extent in Cement Creek.

583  However, even if there was some ferric Fe, 1) infrequent detection of jarosite in all but the most

584  acidic settings, i1) common observation of supersaturation with jarosite in less acidic settings, and 1i11)
585  the typically well-ordered lattice of jarosite, all suggest that kinetic barriers might impede jarosite
586  under all but the most acidic environmental conditions (Bigham and Nordstrom 2000). In contrast,
587  schwertmannite (FegOs(OH)sS04) commonly is observed in waters having 2<pH<4 (Bigham and
588  Nordstrom 2000). Based on experimental and observational evidence Bigham and coworkers have
589  proposed that jarosite tends to form in the range 1.5<pH<2.5, schwertmannite in the range

590  2.5<pH<S.5, and ferrihydrite is favored at pH>5.5 (Bigham et al. 1996, Bigham et al. 1996). So if
591  some Fe was present in ferric oxidation state in Gold King Mine, considering that Cement Creck pHs
592 (3.60-3.63 at Silverton) fall in the range for the formation of schwertmannite over jarosite,

593  schwertmannite would be more likely to form in Cement Creck than jarosite. When the plume

594 waters mixed with the more voluminous alkaline waters of the Animas, pH likely ascended to >5.5
595  and under these conditions, ferrihydrite would be favored over jarosite. Schwertmannite is

596  metastable and, even if it did form in the Animas, it likely recrystallized to ferrihydrite or a stable
597  oxide phase like goethite or hematite.

598  One possibility that cannot be dismissed is that alunite-jarosite type minerals were present in the
599  spoil or stream banks that were eroded by the plume. If these minerals were suspended in the plume
600  surge, it remains possible that these minerals could have been carried in suspension to the Animas
601  River. It is noteworthy, however, that there are large documented occurrences of jarosite in the

602  Animas watershed. One such occurrence is mapped in the Mineral Creek watershed, whose

603  confluence with the Animas is downstream of Cement Creek. Here, Yager et al. (Yager et al. 2000)
604  mapped a major alteration zone on the flanks of Mount Moly in the Mineral Creek watershed as

605  “quartz-sericite-pyrite (Q-S-P) altered host rock, with jarosite- and goethite-stained surfaces.”

606

607  Trace element sorption in the incipient mineral phases and long-term occlusion in crystalline
608  oxides: Unlike alumino-silicate clays, which have substantial permanent surface charges, oxide

609  solids dominantly have surface charges that vary with pH and ionic strength (I); at low pH values
610 charge is positive, at high pH values charge is negative, and there is a pH (unique to each oxide

611 solid) at which the surface has a “zero point of charge” (ZPC). The ZPC for ferrihydrite is about 7.9-
612 8.2 (Dzombak and Morel 1990), for goethite it is about 9.0-9.7 (Sverjensky 1994), for hematite about
613 8.5 (Sverjensky 1994), and for gibbsite about 8.0-9.2 (Hsu 1989) (Table 5). As a consequence of
614  this variable surface charge, the affinity of these solids for sorbing most cationic metals at low pH
615  wvalues, like those in Cement Creek, is very low. In contrast, at circum-neutral pH values like those
616  in the Animas River, trace metals are scavenged by Fe, Al and Mn oxide solids (Benjamin and

617  Leckie 1981).

618  Superimposed on this surface-charge effect, trace metals have an intrinsic affinity for oxide solids as
619  well, and this affinity varies among the oxide solids. For example, Cu and Zn have been reported to
620 have greater affinities for Al oxides than for Fe oxides, but Pb sorbs to Fe oxides more so than Al
621  oxides (Coston et al. 1995, Karthikeyan et al. 1997). For freshly precipitated amorphous to short-
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622  range ordered Fe(OH)s, similar to the colloids precipitated in the Animas River, at low

623  concentrations of sorbing metals, Benjamin and Leckie have reported relative affinities in the order
624  Pb>Cu>Zn>Cd (Benjamin and Leckie 1981). This ordering is consistent with that reported by Ford
625 et al. for freshly precipitated Fe(OH): of Pb>Ni>Mn=Cd (Ford et al. 1997).

626  While partitioning of trace metals on oxide solids is complex, research has converged toward an
627  internally consistent modeling approach to account for both the intrinsic affinity and electrostatic
628  components of the phenomenon. Particularly relevant for the Gold King release, Dzombak and

629  Morel (Dzombak and Morel 1990) have consolidated numerous studies on the sorption of metals on
630  amorphous Fe oxide over a range of pH values and trace-metal concentrations as described by:

631

__ {(SOMe™)(H™) ~ZFW¥,
632 K= {(SOH)(M92+)}exp( RT ) (10)
633

634  where K. is a sorption constant, (SOMe") is the activity of metal Me** on the oxide solid surface

635  (molar), (SOH) is the activity of protonated surface species (molar), (Me*") is the trace metal activity
636  in bulk solution (molar), z is the elementary electrostatic charge of the ion (2 in this example), ¥, is
637  the difference in electrostatic potential between the sorption layer and the bulk liquid, a function of
638  deviation of pH from ZPC (V), F is the Faraday Constant (96,485 J/(V mol)), R is the Universal Gas
639  Constant (8.314 J/(K mol)) and T is temperature (K). The equilibrium concentration of metals can
640  be determined by manipulating Equation 10 and transposing (Me) and K. (Appendix 3). Values for
641  the chemical component of Equation 10 necessary to estimate dissolved concentrations of As, Cu, Pb
642  and Zn in sorptive equilibrium with specified concentrations of ferrihydrite, are summarized from
643  Dzombak and Morel (Dzombak and Morel 1990) in Bethke (Bethke 1998). Values for the

644  electrostatic component of Equation 10 can be determined from graphs and tables reported in

645  Dzombak and Morel. Using total concentration data for four locations in the lower Animas and

646  variables quantitated with Equation 10, dissolved concentrations of As, Cu, Pb and Zn are estimated
647  and compared to observed dissolved concentrations in Table 5. Looking at the “Modeled/Peak

648  Dissolved Ratios” in Table 6, the modeled dissolved cations agree with the observed values at all
649  four river locations as they should considering that dissolved values are used to solve for sorption
650  site density in Equation 10 (Appendix 3). In contrast, this model predicts higher concentrations of
651  the oxyanion AsOy than are reported for these river locations. This probably is due at least partially
652  to having modeled sorption on only one of three As-sorption sites. Some of the deviation might also
653  be due to As binding to Al-oxide colloids, or another phase. Fortunately, the observed values of
654  dissolved As are very low (Table 6), even less than the low values predicted by this sorption-

655  modeling effort.

656  Mineral recrystallization to more stable phases and the long-term occlusion of trace elements:
657  As oxide solids age, they undergo crystallization to more thermodynamically stable forms (Figure 5),
658  aprocess commonly called Ostwald ripening (Steefel and van Cappellen 1990). For Fe oxide solids,
659  freshly precipitated amorphous Fe(OH)s will order itself to short-range ordered Fe(OH)s, then to

660  longer-range order to form the mineral ferrihydrite (Fe(OH)»), and then to still more stable mineral
661  phases such as goethite and hematite (Figure 15). Likewise, as freshly precipitated Al oxides age,
662  they undergo recrystallization from amorphous =» microcrystalline = crystalline gibbsite (Figure
663  16). Asthese Fe and Al minerals age and recrystallize to more stable phases, they equilibrate with
664  progressively lower solution activities (Nordstrom et al. 1984). These aged mineral phases are

665  widely distributed in soils and sediments, in contaminated and pristine settings alike, throughout the
666  environment.
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Typical times for recrystallization and growth of selected authigenic Al and Fe oxides, as well as
typical particle sizes, have been culled from the literature (Nordstrom et al. 1984, Hsu 1989,
Schwertmann and Taylor 1989, Langmuir 1997, Schwertmann and Cornell 2000, Cornell and
Schwertmann 2003, Kukkadapu et al. 2003) and summarized in Table 5. Particle sizes listed in
Table 5 start with single-grain for incipient nucleation and then flocs/aggregates, as this is the habit
for these minerals (Hsu 1989, Schwertmann and Taylor 1989). Particle density of these minerals
will fall in the range of 3.9 g/cm® (Schwertmann and Taylor 1989). The aggregates listed in Table 5
might have considerably lower bulk densities than this value for the amorphous phases but will
approach the particle density value as aging occurs and mineral grains inter-grow and become
progressively more intimately inter-connected.

The rate at which these colloids settle from the water column will not be a function solely of density
and particle size, but also surface charge and concentrations of counter-ions in solution. Surface
charge is a function of pH; the further pH is from the zero-point-of-charge (ZPC), the greater the
surface charge. Oxide minerals of Al and Fe generally have ZPCs of 8 and higher (Table 5). For an
upper Animas pH of ~6.5 to ~7.5 then, these colloids would have been mildly positively charged and
relatively high concentrations of divalent SO4~ would have enhanced flocculation, aggregation and
settling. In the lower Animas, pH generally is ~8.3, decreasing surface charge on these colloids.
Coupled with possibly lower SO, in the lower Animas due to dilution and higher concentrations of
monovalent HCO;5™ from carbonate dissolution, colloid flocculation might have been less effective in
the lower Animas, perhaps fostering suspended transport in the water column.

As incipient mineral solids age to stable crystalline minerals, progressively larger fractions of trace
metals in these minerals become bound nonreversibly or hysterically (Ford et al. 1997). As these
solids crystallize and recrystallize, their relative affinities for metals changes but overall the
reversibility of metal binding continues to diminish (Coughlin and Stone 1995). For example, Ford
et al. noted that, as the Fe(OH); aged, affinity of the solid for Mn and Ni increased, but the affinity
for Pb and Cd decreased (Ford et al. 1997). And the relative affinities of thermodynamically stable
minerals for sorbing metals varies from that of Fe(OH)s as well. For example, Forbes et al. (Forbes
et al. 1976) reported relative affinities for goethite as Cu>Pb>Zn>Co>Cd which is consistent with
that reported by Coughlin and Stone (Coughlin and Stone 1995), Cu>Pb>Ni=Co>Mn. As aresult of
this long-term recrystallization to more stable thermodynamic minerals, and concomitant hysteric
binding of trace metals, the long-term fate of much of the released trace metals is to be bound in the
lattices of stable Fe and Al oxide minerals.

Placing the release in context of long-term releases from Gold King and similar mines: Over
the long term, all mines discharge water at the same rate that they are recharged. The minimum rate
of recharge to a mine generally is determined by the (1) regional groundwater recharge rate, (i1) area
of the mine and (iii) depth of the mine. Sometimes, nearby mines might divert recharge away from a
neighboring mine that otherwise would enter the mine or increase recharge to the mine, effectively
decreasing or increasing the mine’s footprint. And sometimes, if a mine approaches a surface water
body, excess water might leak into the mine. Barring complicating factors, however, recharge to
mines can be reasonably estimated from information on precipitation-recharge rate, mine area and
mine depth alone.

For abandoned mines, often the largest part of discharge commonly is not visible as discrete
surface flow, instead winnowing its way to the surface at numerous small stream-bank weeps and as
diffuse stream-bottom discharge. According to the owner of Gold King Mine, at one time the main
discrete discharge from Gold King was 7 gallons per minute (gpm) (Castillo 2015). The owner
reports that, when hydrologic practices changed in an adjacent mine (e.g., installing bulkheads in the
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714 American Tunnel), the main discrete discharge from Gold King increased to 250 gpm (950

715 liters/minute) (Castillo 2015). A rate of 250 gpm roughly equates to 1.4M liters per day, roughly
716 12% of the estimated August S release volume of 11M liters. So at the recent rate of discharge, the
717  volume of the Gold King release was being released from Gold King Mine every eight days.

718  Putin this context, given normal variability of environmental systems, the contamination released by
719 the Gold King Mine breach was not fated to be vaulted away for centuries, but would have been

720  expected to have residence times in the mine of days or weeks before discharge to Cement Creck.
721

722

723 Analytical considerations

724 1) When characterizing mining discharges, always measure pH (in the field) and dissolved Fe?”,
725  Fe*', AP" and Mn*" so that acidity can be calculated. Acidity characterizes the AMD capacity to
726  maintain acidic pH values, conditions under which toxic-metal mobility is high. Knowledge of iron
727  valence not only is necessary for calculating acidity, but also affects rates at which acidity releases
728  free H, thereby dropping pH. Also knowledge of Fe valence allows calculation of the potential for
729  precipitation or dissolution of ferric and ferrous minerals.

730  2) When characterizing mining discharges, measure SO4~ so that ionic strength, activity coefficients
731  and complexation can be calculated easily.

732 3) When there is an AMD release, and knowledge of the fate of the release metals is desired, collect
733 samples of the streambed upgradient (for background) and downgradient to below where the AMD
734 staining (e.g., “yellowboy”) is evident. Consider running two selective extractions on these sediment
735  samples: 1) oxalate extraction to characterize incipient oxide minerals and the AMD metals in this
736  phase; and i) dithionite extraction to characterize the pre-existing authigenic oxide minerals, and
737  their metals, as a reference to gauge the magnitude by which release metals exceed the pre-existing
738  state of the streambed.

739 4) When characterizing mining discharges, measure acidity in the water phase with a heated pre-
740 oxidation step followed by titration with a base. For example, EPA Method 305.1 is intended for
741  this purpose.

742
743
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Appendix 1: Fe** oxidation Kkinetics of Singer and Stumm

Singer and Stumm (1970) report the abiotic oxidation of Fe?* in water by dissolved O, to proceed at
a rate according to:

~d|Fe?t]

= k[Fe?*1[0,][0H™)? + k'[Fe?*][0,] (1)
Rearranging;
el = — k1o 1[0H + k'[0,)de @
Integrating;
pAEe] = —klo,f0H12 + K'[0,1} f at 3)
ln% = —[0,](k[OH™2 + k'}At )

Rearranging and solving for half-life:

Inz
Ty = [0,](k[OH"12+k'} Q)

Singer and Stumm (1970) report values of k and k7, [OH-] is specified by designating pH, and [O2]
is taken as in equilibrium with the atmosphere, 0.208 atmospheres.
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868  Appendix 2: Reactions and equations for calculating calcite and dolomite
869  saturation

870

871  For calcite reacting with water:

872

873 CaC0s + 2ay+ & acge+ + feo, + a0 H
874

875  where CaCOs is calcite, a is activity and f is fugacity. Measures of pH are measures of H+ activity,
876  au’ =-log (pH). Activity of other solutes is calculated from concentration by multiplying

877  concentration by the activity coefficient y. The value of y is calculated from the extended Debye-
878  Huckel equation (Stumm and Morgan 1981). Likewise f1is calculated from partial pressure

879  multiplying partial pressure by the fugacity coefficient; for these calculations, the fugacity

880  coefficient is taken as unity. In these calculations Pcos is taken as 10~ atmospheres, the August
881 2015 monthly mean CO; partial pressure recorded at the NOAA, Mauna Loa, HI observatory

882  (http://www.estl.noaa.gov/gmd/cegg/trends/). Using the thermodynamic data reported in Parizek et
883  al (1971), log K for Reaction 1 is -9.86. Then the saturation index for calcite, Slcaicite 15:

884
et [

885 Sleqicire = log {%} )
H

886

887 By analogy with calcite, the governing equations for dolomite saturation are:
888
889 CaMg(C03), +4ay+ & aegev + ayg2 + 2fco, + 2an,0 3)
890

891  where CaMg(CQO3); is dolomite and log K =-19.71. Then:

892
2
893 Slaotomite = 108 {W} ?
894
895
896
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897  Appendix 3: Solving for dissolved metals in equilibrium with Fe(OH);
898  colloids

899

900  Using Zn*" at Durango as an example:

F

901  Log Kstrong + ZR—T = Log Kgpp = —0.96 €))
— 10-096 — %zn2+[>FeOH]

902 Kgpp = 10 T ay+[>Fe0Zn*] @

903 The variables azn+ and an- are measured.

904  Assuming sorbing metals do not interfere with one another,

905  [>FeTot] = [>FeOH] + [>FeOZn"] (3)

906  Where [>FeTot] represents the total concentration of potential sorption sites for Zn>*, both
907  unoccupied and occupied. Dzombak and Morel offer a method to calculate [>FeTot] from values of
908  total Zn concentration in water samples. Rearranging Eqtn 3 and substituting into Eqtn 2:

909
_ —0.96 _ aZn2+[>FeOH]
910 Kapp = 10 " ay+([>FeTot|~[FeoH]) S
911
-0.96 _
912 [> FGOH] _ 10 aH+([:FeTot] [>FeOH]) )
Zn2+
913
~0.96 —-0.96
914 [> FeOH] i 10 2H+[>FQOH] _ 10 ay+[>FeTot] (6)
Zn2+ azn2+
915
—~0.96 -0.96
016 [> FeOH] {1 + 10a aH+} _ 10 aH+'[>FeTat] )
ZTL2+ aZnZ+
917
_107%%q 4 [>FeTot]
918 [> FeOH] - azn2++(10_0_95)aH+ (8)
919
920  Then [>FeOZn "] can be determined by substituting Eqtn 8 into Eqtn 3 and rearranging.
921
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924 Figure C-1. Location of Gold King Mine, north of Silverton, in the Cement Creek watershed. Image
925  from USGS, 30x60 Silverton, Colorado Quad {U.S.G.S. 1982). Water flow is north to south.

926  Animas River flows NNE to SSW, with Silverton situated on its western bank. Cement Creek flows
927  from north of Gold King Mine to its confluence with the Animas just north of Silverton. Mineral
928  Creek flows from the west to its confluence with the Animas just south of Silverton.

929

Appendix C Review Draft September 29, 2016 Page C-26

ED_004888_00035756-00026



930

931

932

933
934
935
936
937
938
939
940

941

Gold King Mine Release Transport and Fate Study September 2016

Cumpilted by
Lrougias &, Yager ang Dana J, Bove
2002

s

Figure C-2. Geologic map of the area surrounding Gold King Mine. Mapping units are lost in this image
because it is reduced from the original scale. However, the outline of Silverton Caldera in which Gold King
Mine is situated is clearly visible, bounded by the Animas River to the east, Mineral Creek to the south,
and outlined by sub-parallel sets of faults and vein structures {black lines) to the west and northwest.

This view shows that Cement Creek drains the highly mineralized Silverton Caldera exclusively. Original
map is by Yager and Bove (Yager and Bove 2002). The volcanic release from this caldera was 75 km?, a
volume much in excess of the 1980 release from Mt. St. Helens of 0.5 km?, for comparison {Doug Yager,
USGS, personal communication to John Washington, USEPA, May 10, 2016).
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Figure C-3. Map depicting footprints for Gold King Mine {pink), Red and Bonita Mine (red}, Mogul and
Grand Mogul Mines (blue), and Sunnyside Mine {(green) with the American Tunnel {also green) extending
westerly under Gold King to emerge near Gladstone. Map is from Gobla and Gemperline {(Gobla and

Gemperline 2015).
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Figure C-4. Aerial trace and profile of a cross-section through Sunnyside and Gold King mines. This profile
illustrates that Sunnyside Mine can drain through the American Tunnel, under Gold King Mine. The Bonita
fault bisects Gold King Mine and the American Tunnel, likely fostering hydraulic connectivity between the
mines. Lake Emma, located west of Sunnyside Mine on the cross-section, is reported to have failed and
drained into the Sunnyside complex in 1978 . Images are from Gobla and Gemperline (Gobla and
Gemperline 2015).
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Figure C-5. Potential energy {for which low energy is relatively stabie} vs reaction progress. Under
conditions expected in a deep subsurface minepool, metals largely are stable in the dissolved state (A).
When mine waters are released to common surficial conditions (moderate pHs and oxidizing), Fe, Al and
Mn generally nucleate and precipitate to form amorphous or short-ranged ordered oxide minerals (e.g.,
ferrihydrite, gibbsite, birnessite) that are prominent in AMD releases as “yellowboy,” but these solids
slowly recrystallize to more stable crystalline phases {e.g., hematite, goethite, and ordered gibbsite and
birnessite).
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968  Figure C-6. Hydrograph at gage CC48 on Cement Creek, for August 5, 2015. The horizontal line is the
969  average of the flow values prior to arrival of the mine release waters. The orange points designate when
970  asample was collected from nearby 14" St Bridge or at CC48 for chemical analysis.

971
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Table C-1. Samples useful for characterizing release-water composition.

pH {SU) 2.93 2.93 3.19 3.19
Aluminum {mg/1) 34 33 28 26 91.9 945
Antimony {mg/l) | 0.0037 }{ 0.00062 | 0.0015 0.0004 0 0.321
Arsenic {mg/l)| 0.044 0.0055 0.016 0.0012 0 8.23
Barium {mg/l}) | 0.0086 0.0087 0.0085 0.009 0 9.73
Beryllium {mg/l})j| 0.011 0.011 0.009 0.0086 0.0348 0.135
Cadmium {mg/l})| 0.082 0.085 0.08 0.084 0.0983 0.165
Calcium {mg/l) 370 380 350 360 461 454
Chromium {mg/l) | 0.0055 0.003 0.0033 0.001 0 0.706
Cobalt {mg/l) 0.11 0.11 0.1 0.1 0.204 0.384
Copper (mg/l) 4.6 4.6 3.9 3.8 10.4 36.7
lron {mg/1) 150 120 96 70 49.5 9930
Lead {mg/l})|| 0.042 0.029 0.024 0.011 0.15 179
Magnesium {(mg/l) 27 27 26 28 36.5 279
Manganese {(mg/l) 36 36 31 32 37.1 78
Mercury {mg/l) | 0.00008 ; 0.00008 | 0.00008 | 0.00008 0.0192
Molybdenum {mg/l)| 0.0042 : 0.00077 | 0.0014 : 0.00045 0 2.01
Nickel {mg/l})|| 0.069 0.072 0.068 0.07 0.0915 0.276
Potassium {mg/l) 2.4 2.5 2.2 2.2 6.63 212
Selenium {mg/l) | 0.0047 0.0033 0.0038 0.0032 0 0
Silver {mg/l) | 0.0001 0.0001 0.0001 0.0001 0 111
Sodium {mg/1) 53 5.2 52 54 4.96 23.4
Thallium {mg/l) | 0.00029 i 0.00029 | 0.00023 : 0.00023 0 0
Vanadium {mg/l)| 0.038 0.0025 0.014 0.0003 0 5.47
Zinc {mg/l) 20 20 18 18 26.8 a4
Sulfate {mg/l) 1600 1600 1400 1400
Chloride {mg/l)] 0.36 0.36 1.2 1.2
Fluoride {mg/l) 10 10 8.9 8.9
Nitrate as N {mg/l)| 0.023 0.023 0.025 0.025
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Figure C-7. Cation/anion balance for water samples from CC06, GKM13, and CC14'" Street Bridge.
Cation/anion for CC06 is 0.986 and for GKM13 is 1.043, close to the ideal balance of 1.000. Anions and pH
were not analyzed for the CC14™ St sample. The valence of Fe was not analyzed. However, at pH™3, the
dominant species of ferrous Fe is Fe?* and of ferric Fe is as FeOH?* {neglecting $0O,7), so Fe is represented
here as having 2+ charge.
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Table C-2. Conservative estimate of composition of release waters that flowed from Cement Creek into
the Animas River.

Aluminum mg/l 619 113 7.60 542 kg 6541 352.6 6188
Antimony mg/l 0.015 0.003 0.000 0.015 kg 0.194 0.019 0.176
Arsenic mg/l 0.301 0.051 0.005 0.238 kg 2.95 0.237 2.71
Barium mg/l 0.069 0.025 0.015 0.067 kg 1.46 0.696 0.769
Beryllium mg/l 0.231 0.042 0.002 0.205 kg 242 0.077 2.35
Cadmium mg/l 0.674 0.125 0.010 0.594 kg 7.23 0.447 6.78
Calcium mg/l 2438 537 177 2003 kg 31073 8195 22878
Chromium mg/l 0.006 0.004 0.001 0.014 kg 0.207 0.046 0.161
Cobalt mg/l 1.26 0.24 0.03 1.11 kg 13.9 1.24 12.6
Copper mg/l 70.92 12.6 0.40 62.4 ke 731 18.56 712.6
Iron mg/l 268 61 133 255 ke 3528 619 2910
Lead mg/l 1.03 0.20 0.02 0.93 ke 11.8 1.14 10.61
Magnesium mg/l 197 43 9.93 175 kg 2462 461 2001
Manganese mg/l 206 41 5.80 185 kg 2385 269 2116
Mercury mg/l 0.000 0.000 0.000 0.000 kg 0.004 0.004 0.000
Molybdenum mg/l 0.025 0.006 0.000 0.028 kg 0.345 0.023 0.322
Nickel mg/l 0.55 0.11 0.02 0.46 kg 6.15 0.88 5.27
Potassium mg/l 40.6 8.0 1.77 33.3 kg 462 82.0 380
Selenium mg/l 0.034 0.007 0.001 0.034 kg 0.415 0.027 0.388
Silver mg/l 0.017 0.004 0.000 0.017 kg 0.204 0.005 0.200
Sodium mg/l 18.0 5.9 4.40 12.0 kg 341 204 137
Thallium mg/l 0.016 0.003 0.000 0.017 kg 0.202 0.009 0.194
Vanadium mg/l 0.064 0.014 0.003 0.058 kg 0.800 0.138 0.662
Zinc mg/l 157 31 3.00 145 kg 1790 139 1651
Sulfate mg/l 11240 2386 613 9588 kg 137949 28449 109500
pH su 2.90 2.90 2.90 2.90 ke 73.4 58.9 145
Acidity mgCaCO,/l| 4598 931 152 4097 kg CaCO; | 53822 7031 46791
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987  Table C-3. Abiotic Fe** oxidation half-life at Po; = 0.2 atm. calculated as a function of pH, using kinetic data
988  of Singer and Stumm

989
pH
T
(su) 172
0 65.89 years
990 9 0.03 seconds

991  Explanation: In Cement Creek, pH probably ranged from 2 to 4 (red field), so abiotic Fe*"-oxidation half-life
992  likely was years to decades, effectively yielding no ferric Fe during the hours-long transit from Gold King
993  Mine down Cement Creek to the Animas River. In the Animas River, pH likely dominantly ranged from 6 to
994 8 (green field), so abiotic Fe** oxidation half-life likely was seconds to hours, and probably mostly in the

995  seconds to minutes range shortly after the release waters mixed with the Animas water. Consequently, Fe?" in
996  the release waters likely oxidized to Fe’* quickly in the Animas River.

997
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998 Figure C-8. Saturation Indices (Sis) for calcite {A) and dolomite {B) vs distance from Gold King Mine. An Sl
999  of zero indicates saturation with the mineral phase. Negative Sl values indicates that the water is
1000 undersaturated with the mineral.

1001
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September 2016

Table C-4. Properties assumed in thermodynamic reaction-progress modeling of plume waters flowing

into the Animas River

Parameter Assignation
Temperature 11°C
0, Fugacity 0.2 atmospheres, fixed
CO, Fugacity 103* atmospheres, fixed
Assumed [Si] 2.8 mg/L, ~equilibrium with quartz
Charge Balance SO4
Activity Model Extended Debye-Huckel
Suppressed Minerals
Hematite CuCry04
Goethite NiFe204
Pyrolusite Co(Fe03)>
Baz{AsOa)a() C0304
CuFeOy C0,5i04
Cus{AsOa)xq) Ferrite (Cu, Zn, Mg, Ca)
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1006

1007 Figure C-9. Simulation of the reaction of “Peak Concentration” release waters (Table 2) flowing from

1008  Cement Creek with Animas River alkalinity: 9A depicts gypsum to be supersaturated initially, consistent
1009  with the conservative assumption of disregarding solubility constraints to estimate release water

1010 composition; 9B expands the y axis to show detail of the less-massive phases and indicates that Na-

1011  jarosite and barite were supersaturated initially as well. To perform this simulation, a mass of calcite

1012 {CaCO;) is chosen such that one kilogram of Peak Concentration release water {Table 2) is just barely

1013 saturated with calcite at reaction’s end, consistent with the chemistry of the Animas at 2150 km

1014  downstream from Gold King (Figure 8). Shown here, at reaction’s end gibbsite (Al{OH);), ferrihydrite

1015  (Fe{OH)s), birnessite (MnQ,), gypsum {CaS042H;0) and dolomite {CaMg{COs).) are expected to have

1016  precipitated from solution. The saturated state of the Animas River with gypsum likely was short-lived
1017  and, after the sulfate-rich release waters migrated downstream, any gypsum that precipitated would have
1018  redissolved. Similarly dolomite might have dissolved after [Mg®*] decreased. For these temporary phases,
1019  itis likely that they would have entrained trace metals within the lattice as impurities and, as they

1020  dissolve, the trace metals would have entered solution. These trace metals then would be scavenged by
1021 the hydroxide minerals as they migrated down the Animas as described in the text.
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Figure C-10. Simulation of reaction of Plume + Background Mean concentrations with Animas alkalinity.
The masses of minerals precipitated from one kg of solution {plotted on the y axis), along with the
calculated discharge of 11.42 ML, can be used to estimate masses of minerals precipitated from the
waters released during plume discharge from Cement Creek {Figure 11}.
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1029

1030 Figure C-11. Masses of minerals precipitated from the release waters {and Cement Creek water flowing
1031 with release waters) as these waters intermingled and reacted with Animas River water as estimated from
1032 thermodynamic modeling of titration of “Plume + Background Mean” water with calcite alkalinity that is
1033 present in the Animas (Figure 10). Cations initially in alunite and jarosite likely will ultimately enter the
1034  more stable gibbsite and ferrihydrite phases, respectively. Whether low trace levels of Ba and Cu will
1035  form discrete mineral phases such as barite and tenorite, respectively, or sorb to and isomorphically

1036  substitute directly in more-stable mineral phases is uncertain, but ultimately these ions likely will be

1037  bound to more stable minerals and their aqueous concentrations maintained at low levels as suggested by
1038 modeling described later in this report. Gypsum, likely will be unstable in the low-S0," waters of the

1039  Animas; comprised of Ca?* and 5047, these innocuous ions will migrate downstream. Nontronite

1040  (Caog.issFe2Ale.33Sis67010{OH);) is a commonly occurring smectite clay mineral. Gibbsite, ferrihydrite and
1041 birnessite are commonly occurring oxyhydroxide minerals and likely will recrystallize to similar, but still
1042 more stable, phases over time, as elaborated upon later. The modeled masses of metals bound in the
1043 four “more stable” minerals are Fe = 700 kg, Al = 1290 kg, and Mn = 510 kg.

1044
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Figure C-12. Simulation of the reaction of Cement Creek Background Mean solutes with Animas alkalinity.
It is noteworthy that this thermodynamic modeling suggests jarosite precipitates from solution for
Cement Creek background waters alone. Like with the plume waters, however, jarosite is replaced by
more stable hydroxide mineral phases.
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Figure C-13. Saturation indices {SIs) with respect to gibbsite {Al{OH);) vs distance from Gold King Mine.
The positive Si values suggest saturation with the mineral gibbsite limited the dissolved concentration of
aluminum. Many additional samples were analyzed for aluminum (as reflected in the large number of
sample points depicted in Figure 8), but aluminum fell below the reporting limit in these other samples.
Few sulfate data are available for the southern Animas but, using the mean of the available SO,” data and
thermodynamic data from Geochemist’s Workbench, the saturation index for alunite indicates gross
undersaturation (Sl alunite ~ -18).
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Figure C-14. Saturation indices {Sls} with respect to ferrihydrite (Fe{OH)s) vs distance from Gold King Mine.
These data indicate saturation with respect to ferrihydrite. Many additional samples were analyzed for
iron {as reflected in the large number of sample points depicted in Figure 8}, but iron fell below the
reporting limit in these other samples. Few sulfate data are available for the southern Animas but, using
the mean of the available SO, data and thermodynamic data from Geochemist’'s Workbench, the
saturation index for K-jarosite indicates gross undersaturation (S alunite ~ -9).
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Table C-5. Typical particle size, diagenetic times for selected Al and Fe oxides under surficial conditions

Size Formation Time Time Zero Point of ZPC
Mineralization Phase Size Range (1) Reference Scale (6) Reference Charge Reference
Aluminum Oxide
amorphous Al{OH); nucleation <100 nm 2 <24 hours 4 8.0-9.2 11
amorphous Al{OH); flocs/aggregates | 2Um -2 mm 3&4 seconds to hours 8.0-9.2 11
microcrystalline gibbsite aggregates | 2um-2 mm 3&4 2 to 20weeks 4 8.0-9.2 11
crystalline gibbsite aggregates 2um-2 mm 3&4 ~2years 4 8.0-9.2 11
kaolinitic clay aggregates 2pm-2 mm 3&4 years to millenia 7
Ferric Oxide
amorphous Fe{OH); nucleation 2-7nm 5 seconds to hours 8 7.9-8.2 12
2-line ferrihydrite flocs/aggregates 2um-2 mm 3 seconds to hours 7.9-82 12
6-line ferrihydrite aggregates 2um-2 mm 3 21-3year 9 7.9-82 12
goethite or hematite aggregates 2um-2 mm 3 21-3year 9&10 9.0-970r85 13

1) Single grain for incipient nucleation, aggregates for later phases, as is their habit

2) Hsu, 1989, p. 340

3) Schwertmann & Taylor, 1989, p. 417; given common, extensive co-substitution of Al & Fe in oxides
4) Nordstrom et al., 1984, p. 35
5) Schwertmann & Taylor, 1989, p. 392; Cornell and Schwertmann, 2003, p. 78
6) Formation time scale is under a variety of laboratory idealized surficial conditions. Actual times can

vary drastically.

7y Langmuir, 1997, p. 252
8) Comell & Schwertmann, 2003, p. 207
9) Cornell & Schwertmann, 2003, p. 207; Kukkadapu, et al., 2003
10) Cornell & Schwertmann, 2003, p. 207; Kukkadapu, et al., 2003; Schwertmann & Cornell, 2000, p.

110
11) Hsu, 1989

12) Dzombak & Morel, 1990

13) Sverjensky, 1994
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1087  Table C-6. Estimation of dissolved metal concentrations in equilibrium with Fe{OH); solids at the pH of the
1088  Animas River and Comparison with Observed Values at Four River Locations

Fe 226.27 76.40 33.76 17.36
Peak Total As 0.11 0.06 0.03 0.02
Concentrations |Cu 0.47 0.23 0.12 0.08
{mg/l) Pb 3.14 1.41 0.54 0.39
Zn 1.18 0.54 0.42 0.31
Fe 2.2770 0.4500 0.0449 0.0199
R As 0.0008 0.0004 0.0006 0.0009
Peak Dissolved
Concentrations Cu 0.0071 0.0023 0.0013 0.0019
(mg/1) Pb 0.0004 0.0031 0.0002 0.0002
In 0.1399 0.0110 0.0028 0.0033
pH(SU) 7.42 8.00 7.90 8.11
As -9.68 -10.40 -10.25 -10.58
Cu -3.34 -2.96 -3.04 -2.93
Log K,
Pb -5.10 -4.72 -4.80 -4.69
Zn -1.44 -1.06 -1.14 -1.03
Modeled As 0.1050 0.0577 0.0260 0.0193
Dissolved Cu 0.0071 0.0023 0.0013 0.0019
Concentrations |Pb 0.0004 0.0031 0.0002 0.0002
{(mg/1) In 0.1400 0.0110 0.0028 0.0033
As 127.29 144.26 44.77 21.71
Modeled/Peak |Cu 1.00 1.00 1.00 1.00
Dissolved Ratio |{Pb 1.00 1.00 1.00 1.00
1089 Zn 1.00 1.00 1.00 1.00
1090
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log [Fe**] (molar)

Figure C-15. Stability fields of ferric oxide minerals as a function of [Fe*'] and pH, with [SO4°] = 90 mg/l,
similar to conditions expected in the upper Animas. Generally, as waters become supersaturated with
mineral phases, say by an increase in pH, less thermodynamically stable mineral phases will precipitate
first, e.g., amorphous Fe(OH); or stoichiometric ferrihydrite. Over time these incipient mineral phases
recrystallize to more stable forms, e.g., goethite or hematite as shown here. As these minerals
recrystallize to more stable forms, they equilibrate with progressively lower solution activities.
Thermodynamic data as reported in Geochemist’s Workbench {Bethke 1998).
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Figure C-16. Stability fields of aluminum oxide minerals as a function of [AlI**] and pH, with [SO,] =90
mg/l, similar to conditions expected in the upper Animas. Generally, as waters become supersaturated
with mineral phases, say by an increase in pH, less thermodynamically stable mineral phases will
precipitate first, e.g., amorphous Al{OH);. Over time these incipient mineral phases recrystallize to more
stable forms, e.g., microcrystalline and crystalline gibbsite. As these minerals recrystallize to more stable
forms, they equilibrate with progressively lower solution activities. Thermodynamic data for Al as
reported in Nordstrom et al. (Nordstrom et al. 1984} with additional data from Geochemist’s Workbench
{Bethke 1998).
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